The study of concussion, a common form of mild traumatic brain injury, has received increased notice over the last decade. Recently, more researchers have been addressing the historic paucity of attention over sex and gender influences on recovery outcomes after concussion. This development has led to exciting progress in our understanding of concussion incidence and outcomes. In this review, we will report on new findings from varying studies on sex differences in the epidemiology of concussion and clinical manifestations of mild traumatic brain injury/concussion, further discussing some key issues related to the integration of sex and gender in concussion research in a broad range of contexts, with recommendations to guide future research, along with sex-and gender-sensitive policy considerations. Policy statements have been made by major north-American funding agencies regarding the requirements for the consideration of sex and gender in research across all phases of the research process as it is a fundamental practice for good science [1] [2] [3] [4] . The WHO Disability and Rehabilitation Action Plan 2014-2021 also calls for age and sex disaggregated data in policy documents [5] . 'Sex' refers to a set of biological attributes in humans and animals that are dependent on chromosomes, hormone levels and reproductive anatomy [2, 5] . 'Gender' on the other hand, refers to behavioral expressions, socially constructed roles, expressions and identities, which intersect with sex and other determinants of health [2, 5] , and can create varying postconcussive experiences and outcomes. Studying the complex and interconnected role of sex and gender in mild traumatic brain injury (mTBI)/concussion is not an easy undertaking. In embracing an unbiased comparison across genders (i.e., men and women), recognizing the biological (sex) differences between males and females, and acknowledging the complex and dynamic relationship that exists between sex, gender and other factors (income, education, social environments, health practices, etc.) [6] , great strides have been made. To address the current understanding of mechanisms subserving the influence of sex on epidemiology of concussive sport and work-related injury and injury outcomes (i.e., sex-specific vulnerability), this review is focused on: the sex-specific epidemiology of concussion and sex-/gender-specific clinical manifestations in children and adults with concussion. It is conceivable that sleep dysfunction could potentially reflect on injury epidemiology and outcomes, and as such, we present some of the recent evidence on sleep changes in persons who sustained work-related concussion, in particular findings derived from our sex-sensitive sleep research program. Finally, in light of the great deal of evidence from recent studies converging on the conclusion that sex and gender affects injury involvement and outcomes, we will discuss the implications for future research. In this review we will follow the methodology of original studies and refer to females and males when research questions investigated outcomes through a set of biological attributes, while using women and men when outcomes concerned differences are through a sociocultural process, associated with behavior, stress and coping. We acknowledge, however, that sex and gender constructs are interconnected, not binary and isolating the influences of sex and gender in research results is not simple.
Sex-specific epidemiology of concussion
In order to put mTBI/concussion into the public health significance perspective, the broader picture of TBI across all severity is important. Every year, TBI is a leading cause of death and disability worldwide with research consistently indicating that the youngest and the oldest members of the population are at greatest risk [7] [8] [9] [10] . Historically, males have dominated the majority of TBI cases across the age continuum; with age-adjusted TBIrelated hospitalization rates for males shown to be consistently higher than that of females throughout a number of decades [8, 9] . Such differences in sex-specific rates were attributed to higher incidences of general injury among younger males, a variance between males and females in traditional societal roles and activities, as well as risk-taking behaviors [11, 12] , highlighting a gendered side of this epidemiology trend in TBI.
The majority of TBIs (i.e., 70-90%) fall under a 'mild' severity rating, based on acute injury characteristics criteria, with the rates of people seeking medical attention in the emergency department (ED) ranging from 569.4 in 2006 to 807.9 per 100,000 in 2012 [13] ; these rates are considered an underestimation of actual occurrences as not all people seek medical attention after injury. Consequently, those who do not seek medical attention are captured in neither hospital-based studies on mTBI incidence, nor studies on recovery and/or outcome. Based on concerns that the true incidence of mTBI is unknown, the CDC labeled mTBI a 'silent epidemic' and have published several reports in the past decade to elevate public health awareness on mTBI impact [14] .
Sport-related/pediatric concussions: sex & gender influences
It has been largely accepted in the concussion literature and in consensus conferences that sex and gender may be risk factors in injury involvement or influence injury severity [15] . Many researchers working on the topic propose that females sustain concussions more often than males, have more neurologic deficits, a different symptom constellation and delayed resolution of symptoms [16] [17] [18] [19] [20] [21] . These differences were proposed to be driven, for instance, by disparities in the neck musculature and head/neck stability in girls/women making them more susceptible to injury. It has also been proposed that females have lower biomechanical thresholds, increasing concussion susceptibility especially in female athletes. Hormonal factors such as circulating estrogens may also elicit a differential pain response in females compared with males [16] [17] [18] [19] [20] [21] . Recently, menstrual cycle phase has been shown to impact recovery outcomes in females due to changes in hormonal level, specifically in the reduction of progesterone concentration after mTBI, which subsequently leads to a withdrawal from its proposed neuroprotective properties [22] . Furthermore, it has been identified that females report more concussion symptoms prior to the injury, which can persist and increase risk of poorer outcome [23] . Therefore, more persistent symptoms in girls and women may be affected by this pre-existing profile.
A recent study in the province of Ontario in Canada on concussion-related ED or physician visits by children and adolescents (i.e., aged 5-18), revealed a 5.5-fold increase in concussion rates from 2003 to 2013, driven mainly by adolescents [24] . Although the total number of visits were higher for males than females across age groups, the overall increase in rates was greatest in females, with a 6.3-fold increase for females compared with a 3.6-fold increase in males, respectively. It remains unclear whether the difference in seeking medical attention is higher in females after injury due to disparities in symptom load, reactivity, behaviors or gender influences. It is hypothesized that girls/women may report more symptoms as it is more socially acceptable for women to admit vulnerability than for men [25] . At the same time, research reported that girls/women who display more traditional 'masculine' traits are more prone to risk-taking behaviors and may continue playing despite concussive symptoms [25] Other gender-related factors that may affect differential rates in seeking medical care are the quality of coaching and support for concussion care that may not be at the same level of that of boys/men.
A study of school-aged children and youth (3-18 years of age) with a diagnosis of concussion in Ontario has also revealed an increase in the reporting rates of concussions by sex between 2003 and 2011. Although in 2003, there were 8736 concussions treated in either an ED or a physician office, the number increased to 14,886 in 2010, with the rates for boys being 467 and 754, and for girls 209 and 441 per 100,000 Ontarians in 2004 and 2011, respectively [26] . Falls were also found to be the most common cause of concussion regardless of sex, accounting for 34% of all ED visits, followed by exposure to force (26%) and motor vehicle collisions (12.3%). For both boys and girls, the number of visits for concussion steadily increased until 15 years of age, then decreased until 18 years of age. Upon examining circumstances of injury, hockey/skating were the most common cause among school-aged children and youth [26] .
Sport and recreation remain a major cause of mTBI in adolescents and young adults (17-20 years) . Updates on sex-specific epidemiologic trends for sport-related concussion rates have been recently provided by Covassin et al. in studying athletes of the National Collegiate Athletic Association. Researchers demonstrated that females participating in sex-comparable sports (i.e., basketball, soccer) had a 1.4 times greater incidence of reported concussion than males, with some variability in reported incidence observed between sport types. Specifically, female softball players presented with almost a twofold higher incidence of concussion compared with female baseball players. Female soccer and basketball players had a 1.5-times greater incidence of a reported concussion than their male counterparts involved in the same sport activities [27] . It is important to note, that all rates were calculated based on self-reported measures, which may represent an inherently different overall reporting on injury between males and females.
Older Adults
Although the athletic population and youth specifically tend to dominate the concussion literature, the CDC recently released a report displaying significant rise in the incidence of ED cases of TBI among older adults [28] . Rates of ED visits for mTBI were 386 per 100,000 for persons aged 65-74 years, 777 per 100,000 persons aged 75-84 years and 1205 per 100,000 among those older than 84 years. Importantly, rates for females were higher than that for males, with 706 per 100,000 and 516 per 100,000, respectively. Ryu et al. were the first to provide estimates of mTBI incidences in the adult population of Ontario [29] . They examined cases of patients from a number of family physician offices and EDs across five different geographical regions in Ontario. The incidence rates in the ED were in the range of 426-535 per 100,000 Ontarians, and with added family physicians visits, the rates ranged between 493-653 per 100,000, with males accounting for 56% of all visits [29] . These findings are of considerable importance, as advanced age has been associated with poorer outcomes after TBI in general (i.e., greater risk of dying in the hospital), and also require greater healthcare assistance after discharge.
Work-related concussions
Although sport-related concussions have dominated the discussion on concussions, a new awareness of the impact of concussion at the civilian workplace has recently emerged. According to data by the US Bureau of Labor Statistics (2016), the number of nonfatal occupational head injuries in 2015 totaled 94,360 in private, state and local government with an incidence rate of 8.5 per 10,000 [30] . The number of head injuries in private industries totaled to 74,180 with an incidence rate of 7.7 per 10,000. Due to the median number of 3 days away from work, these injuries are assumed to be of mild severity. The context of TBI in the workplace is also highly gendered. Serious and fatal injuries occur predominantly among males, however, when all levels of severity are included, women make up more than 40% of injuries [31] . High rates of injury were among government workers, specifically those in education and healthcare, which were predominately women [31] . These statistics indicate that a more tailored approach by sex and gender is needed in relation to a workplace context in terms of prevention.
Recently, the Ontario Workplace Safety and Insurance Board's (2016) Statistical Report showed that injuries coded as 'concussions' have increased from 0.6% in 2002 to 5% in 2015, indicating a 800% increase [32] . Data on cranial region injuries that were mostly concussions, showed that younger males in the 20-24 years of age group and older females in the 50-54 age-group for specific occupations were most affected. [32] .
To support preventive efforts in mTBI/concussion-related occupational health and safety, our group carried out a series of studies in Canada's largest adult rehabilitation teaching hospital that evaluates injured workers with persistent symptoms after brain injury [33] [34] [35] [36] [37] . Consistent with results of a recent systematic review of 24 studies, it was found that male workers especially those in the youngest and oldest age groups, working in the primary (e.g., agriculture, forestry, mining) or construction industries were more likely to sustain a work-related TBI (wrTBI), with falls being the most common mechanism of injury regardless of injury severity [38] . Our unique worker-specific data (i.e., wrTBI, mostly concussions) emphasize that male workers were significantly more likely than female workers to be employed in the skilled agricultural and forestry occupational sectors, including assemblers and plant machine operators at the time of injury, while female workers were more frequently occupied in the managerial, professional and associate professional-type roles, as well as clerical support and service and sales-related positions [37] . Moreover, differences between male and female workers were observed within the occupational hazard themes: male workers were more likely than female workers to experience a wrTBI as a result of a breakdown or a malfunction in the operation of equipment at the time of injury, while the hazard of unexplained human factor at the time of injury did not differ between sexes [37] .
Sex-specific trends in postinjury sleep & recovery after work-related mTBI/concussions
When investigating common complaints in workers who experienced delayed recovery from mTBI/concussion, we found that two-thirds of the sample suffered from clinical insomnia [35] . The severity of insomnia was found to be a main factor independently associated with community integration [34] , perceived disability severity [33] , more severe fatigue and diminished alertness [36] . Consistent with previous research [39] , we observed a trend toward better community integration in females compared with males, with scores 15.56 ± 6.01 versus 13.96 ± 4.67, respectively, when utilizing the community integration questionnaire, although our results did not reach the level of statistical significance [35] . Likewise, the frequency of marked/extreme global disability in females was lower than in males (36 vs 65%, respectively) when utilizing the Sheehan disability scale [34] . These results which focus on functional outcomes versus severity may challenge the commonly held view of poorer outcomes for females compared with males, in workrelated concussions, regardless of the injury mechanisms. However, scales such as the community integration scale have been found to reflect higher scores in women because of overall greater participation in home integration reflecting gendered norms [40] .
When we studied postconcussive symptoms of fatigue, alertness and daytime sleepiness through a sex lens, females did indeed report more severe fatigue than males (48.8 ± 12.8 vs 43.5 ± 15.9, as measured by the Fatigue Severity Scale), lower alertness (19.1 ± 9.8 vs 21.3 ± 9.2 as measured by the Toronto Hospital Alertness Test) and slightly higher daytime sleepiness (8.9 ± 5.7 vs 8.5 ± 5.7, as measured by the Epworth Sleepiness Scale), although neither of these results have reached the level of statistical significance in a bivariate analysis (p = 0.09, p = 0.269, p = 0.770, respectively) [41] . In fully adjusted linear regression models (i.e., for all known factors associated with these states), only alertness appeared to be sex-dependent, with males remaining more alert compared with females, however, male sex accounted for just slightly over 3% of variance in alertness [41] .
Earlier research consistently reports sleep deprivation and falling asleep at the wheel due to shift work as reasons for many fatal crashes and traffic accidents [42, 43] . We expanded on these studies and demonstrated that in a sample of persons experiencing delayed recovery from mTBI/concussion, almost half (49% of the sample) were working shifts at the time of injury, with sex differences observed in the type of shift work: females more often performed fast-rotating shifts, while males performed slow-rotating shifts [39] . Past research has been consistent with regard to the impact of shift work: a study of nurses reported that 79.5% of those working the night shift reported at least one drowsy driving incident, equal to an increased odds ratio of 3.96 (95% CI: 3.24-4.84) relative to nurses working the day shift; another study also linked shift work to elevated risk of workplace incidents, at 9%, and found the risk to be more pronounced for women [44] [45] [46] .
Using a qualitative approach, we have also identified gender influences concerning return to work among men and women with mTBI. We found that the breadwinner role is important to both men and women, with support of coworkers also found to be important for both. However, more support was found in more traditionally 'feminine' environments versus more traditionally 'masculine' occupational contexts, with women more likely to seek out assistance [47] . Specific work-related concussion knowledge transfer resources can be found on the following website [48] .
Sex as a risk factor for specific primary sleep disorders in mTBI/concussions has gained significant recent attention in the clinical and research communities. In our study, we found that while sleep-related variables in general explain the majority of variance in chronic pain in both males and females of middle age with concussion, the exact variables of great importance were sex-specific [49] . Thus, in males with concussions it was insomnia that alone explained 25% of pain severity, while in females, sleep-disordered breathing and excessive daytime sleepiness accounted for more than 24% of variance in pain severity in a model adjusted for socio-demographic, injury-related, occupational and psychosocial factors simultaneously [49] . These results are noteworthy and reinforce findings of previous research reporting that obstructive sleep apnea, a form of sleep-related breathing disorder (SRBD), remains largely undiagnosed in females, due to variations in clinical presentation (i.e., SRBD in females manifests with symptoms of depressive mood, morning headaches vs snoring and witnessed apnea in males, which is more diagnostically apparent) as well as higher tolerance to symptoms [50] . At the same time, sleep architecture is as severely affected by SRBD in females as in males [51] . Further efforts should be directed toward description of primary sleep disorders and their sex-specific manifestations and burden in mTBI/concussion. Since women are more likely to be responsible for childcare and household work, in an effort to balance work and home life, in addition to primary sleep disorders they might be cutting back on sleep duration placing themselves in additional risk; cutting back on sleep is a common practice for 70% of night-time workers and 63% of rotating-shift workers, regardless of sex, according to 2008 Statistics Canada [52] . Overall, occupational brain injury in the civilian population requires a tailored focus to address specific needs.
Intimate partner violence, workplace assaults & concussions
Studies on concussions in the context of intimate partner violence (IPV) and workplace assault have been sparse. IPV differentially affects women, which can result in physical as well as psychological harm, in addition to involvement with the justice system [53] . Global estimates by WHO reveal that approximately one in three women who have been in a relationship report experiencing some form of physical and/or sexual violence by an intimate partner during their lifetime [54] . Common injuries of IPV survivors involve assaults inflicted to the face, head and neck, and/or resulting from strangulation [55] , putting women at risk for brain injury. Elevated TBI rates of up to 80% in women survivors of IPV have been identified [56] . More research is needed on concussions in this vulnerable population. Likewise, when we studied assault-precipitated TBIs in Ontario, which were largely comprised of concussions/mild injury [57] , sex appeared implicated in several patterns of victimization: females were at greater risk for sustaining the injury than male workers (59.1 vs 40.9%), in addition to injuries to the head and neck, females sustained more injuries to other body parts compared with males. Females also had higher rates of injury in the healthcare/social services and educational occupational sectors, while male workers showed the same pattern in the law enforcement/public administration sector [58] .
Critical perspective
Our review provides compelling evidence that rates and prognosis of concussion are subject to both gender (i.e., the result of a socio-cultural process, associated with risk taking behavior, stress and coping) and sex (i.e., a set of biological attributes such as concentration of sexual hormones, different expression of genes on X and Y chromosomes, etc., associated with symptoms severity and outcomes), and highlights the feasibility and necessity of conducting epidemiological, clinical and patient-centered research simultaneously, to address the very real contextual challenges of sex and gender in concussive injury, which is critical for the prevention and management of this injury at the population level, and among vulnerable populations.
Knowledge transfer
In February of 2016, an entire special issue was published in the Archives of Physical Medicine and Rehabilitation entitled Sex, Gender and Traumatic Brain Injury, which included articles on mTBI [58] . One of the articles focused on a re-analysis of a systematic review on prognosis after brain injury [59] . The study found that among the 200 studies of prognosis after mTBI, only 7% of studies provided sex-stratified data. Although overall studies in the literature may model sex or include the sex distribution, there is a huge paucity of sex-stratified data in the field of concussion [59] . Systematic reviews in general do not take an explicit focus on sex and gender when synthesizing results. The authors have also advocated for systematic review tools that consider sex and gender to be utilized. This lack of sex-specific data, however, also affects informing guidelines for practice. To our knowledge, there are no concussion guidelines that provide explicit considerations for sex by age. For instance, the Ontario Neurotrauma Foundation Concussion Guidelines currently have no references to sex and gender to date [60] . New concussion guidelines from a recent conference held in Berlin have not made explicit considerations on this topic [61] .
The senior author is the founding chair and now co-chair of an International Task Force on Girls and Women with Acquired Brain Injury in collaboration with the American Congress of Rehabilitation Medicine. The task force was an outcome of the first international workshop on girls and women with TBI, led by the senior author, which was held in Montreal in 2010 and funded by the Canadian Institutes for Health Research (CIHR) in collaboration with the American Congress of Rehabilitation Medicine [62] . This is a network of scientists, clinicians and persons with lived experiences of brain injury and those that represent them [63] . This work through the task force involves creating scholarship such as through a special issue, conducting systematic reviews with a sex and gender lens, planning a symposium that addresses women and TBI, as well as advocacy for journal editors to adapt reporting that addresses sex and gender. The task force has broadened its scope from a more exclusive focus on girls and women to include the influence of sex and gender overall. There are also a growing number of online resources for scientists and trainees that provide substantive and methodological support for the integration of sex and gender in research. These include the CIHR Institute for Gender and Health website and the NIH website.
Future perspective
Although there is no question that numerous injury, health and recovery indicators among persons with concussions are sex-and gender-specific, there is still a great deal of knowledge about sex, gender and concussion needed, for results to make their way into policy and practice. The current research is dominated by sports-related concussion [64] . It is not clear to what extent this research adequately informs both prevention and management regarding concussion, in other contexts, such as the workplace. Further, more attention is needed with respect to research on older adults, a growing segment of the population. Currently, concussion guidelines, to our knowledge, have not made any recommendations on how to manage sex and gender in clinical settings, which warrants explicit consideration. To ensure greater precision in concussion-related policy and practice, integration of sex and gender diversity into all associated activity is greatly needed. This can be done by investigating how the sex of injured persons relate to their social location/societal position and access to healthcare resources; whether male and female persons hold different lifestyle, occupational and family responsibilities before and after the injury, and make different behavioral choices and attitudes toward activities associated with greater risk of concussion; and reflecting these attitudes and behaviors through the lens of relevant gender relations and sex-linked biology. It is anticipated that research advances in these areas will culminate in the development of tailored policy interventions that will be applied to prevent injuries and improve outcomes of all injured persons, regardless of their gender or sex.
Executive summary
• The theoretical and clinical constructs of sex and gender are inevitably overlapping, with social roles driving or modifying variances between men or women in traumatic brain injury (TBI) rates, recovery course and outcomes.
• Epidemiological data consistently indicate that the youngest and oldest members of the population are at greatest risk of mild TBI; the data also reveal higher rates of concussions for females compared with males in sex-comparable sports; the reason for this trend is not completely understood.
• Although the clinical data support higher symptom loads long term after work-related concussions in females when compared with males, their community integration and perceived disability were less adversely affected; in both sexes, sleep functioning was observed to be associated with various recovery outcomes.
• Gender-sex interactions determine rates and severity of TBI, help-seeking behaviors and healthcare system use, and therefore should be reflected in policy and practice.
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